The degradation of structurally different anionic dyes like Alizarin Red S (ARS) Amaranth (AR), Brilliant Yellow (BY), Congo Red (CR), Fast Red (FR), Methyl Orange (MO), and Methyl Red (MR) were carried out using Ln 3+ (Ln 3+ = La 3+ , Ce 3+ and Gd 3+ ) doped TiO 2 at different pH conditions under UV/solar light. All the anionic dyes underwent rapid degradation at acidic pH, while resisted at alkaline conditions due to the adsorptive tendency of these dyes on the catalyst surface at different pH conditions. Gd 3+ (0.15 mol%)-TiO 2 exhibited better activity compared to other photocatalyst ascribed to half filled electronic configuration of Gd 3+ ions. It is proposed that Ln 3+ serves only as charge carrier traps under UV light, while it also act as visible light sensitizers under solar light. Irrespective of the catalyst and excitation source, the dye degradation followed the order: AR > FR > MO > MR > ARS > BY > CR. The results suggest that pre-adsorption of the pollutant is vital for efficient photocatalysis which is dependent on the nature of the substituent's group attached to the dye molecule.
Introduction
Organic compounds are extensively used in industries for multipurpose and represent an increasing environmental danger. The main goal is to achieve complete mineralization of recalcitrant organic compounds to CO 2 , H 2 O and simple mineral acids or at least to produce less harmful intermediates. The conventional pollutant destructive technologies include biological, thermal and chemical treatments. The former usually requires a long residence time for microorganisms to degrade the pollutant and they can also be affected by substrate toxicity. Thermal treatments present considerable emission of other hazardous compounds and the methods like flocculation, precipitation, adsorption on activated granular carbon, air stripping or reverse osmosis requires a post-treatment to remove the pollutant from the newly contaminated environment [1] . The biological methods although used, have proven to be partially effective for colored effluents, as in the most cases dyes are not adsorbed onto biomass without being really degraded [2] . Ozone and hypochlorite oxidations as well as UV/H 2 O 2 processes are efficient decolourization methods, but they are not desirable because of the high cost of equipment, operating costs, and the secondary pollution arising from the residual chlorine [3] . Heterogeneous photocatalysis using TiO 2 semiconductor has been extensively studied in the degradation of organic compounds both in liquid and gaseous phase [4] [5] [6] [7] [8] [9] [10] . TiO 2 is mainly used due to its procedure, 25 mL of diluted TiCl 4 (100 mL of concentrated TiCl 4 was diluted to 1 L) with 1 mL concentrated H 2 SO 4 is taken in a beaker and diluted to1 L. The pH of the solution was increased to 7-8 by the addition of liquor ammonia. The titanium hydroxide gel precipitate obtained is washed with double distilled water to free from chloride and ammonium ions. The gel was filtered, dried in an oven to remove adsorbed water molecules and then ground to a fine powder to give a xerogel sample, which on calcination at 600 • C for 6 h results in pure anatase phase [26] . For the preparation of lanthanide ion doped TiO 2 (Ln 3+ -TiO 2 , Ln = La, Ce and Gd), a known concentration of the metal ion solution was added to calculated amount of anatase TiO 2 to get the dopant concentration in the range of 0.05 to 0.2 mol% (For instance, 1 g of TiO 2 requires 0.00271 g of Gd 2 (CO 3 ) 2 to obtain 0.05 mol% of Gd 3+ ). The obtained powder is ground in a mortar, dried and finally calcined at 600 • C for 6 h [27] .
Analytical instruments used for characterization of the photocatalysts
The crystalline structure and variation in the lattice parameters of titania and modified titania were determined by powder X-ray diffraction (PXRD) measurements using Philips powder diffractometer PW/1050/70/76 with Cu K␣ radiation. The average crystallite size of the sample was calculated using Scherer's equation.
where k is the shape factor (∼0.9), is the X-ray wavelength (0.15418 nm), ˇ is the full width at half maximum (FWHM) of the diffraction line and Â is the diffraction angle. The specific surface area of the powders were measured by dynamic Brunner-Emmet-Teller (BET) method in which N 2 gas was adsorbed at 77 K using Digisorb 2006 surface area, pore volume analyzer Nova Quanta Chrome corporation instrument multipoint BET adsorption system. The diffuse reflectance spectra (DRS) of the photocatalyst sample in the wavelength range of 200-700 nm were obtained by a UV-vis scanning spectrophotometer (31031 PC UV-VIS-NIR instrument) using BaSO 4 as reference standard. The band gaps of photocatalysts were calculated by using Kubelka-Munk plot.
Evaluation of photocatalytic activity for the degradation of various dyes
The photocatalytic activity of all the prepared samples were evaluated in the degradation of dyes under UV/solar light and reaction conditions were optimized to achieve maximum efficiency within the desired interval time. Before the start of the reaction, the catalyst were finely dispersed in 250 mL of the dye solution and stirred in dark for 30 min to ensure adsorption equilibrium of the dye on the catalyst surface under the specified pH conditions. The concentration of the substrate in bulk of the solution at this point was used as the initial value for the further kinetic studies. An artificial medium pressure mercury vapour lamp was used to probe the catalytic activity in the UV region. The photon flux of the light source was 7.75 mW/cm 2 as determined by ferrioxalate actinometry and the emission wavelength was in the range of 350-400 nm with intense peak around 370 nm. The distance between the reactor and the lamp housing was 29 cm. The lamp was warmed for some time to reach constant output before the start of the reaction and all irradiation were carried out under constant stirring in the presence of atmospheric oxygen under laboratory conditions. At given intervals of irradiation, samples were withdrawn from the reaction which were simultaneously centrifuged and filtered through filter paper to separate the catalyst particles. The decrease in the concentration of pollutant was quantified by UV-vis spectrophotometer using Shimadzu UV-1700 PharmaspecUV-vis spectrophotometer. The concentration was calculated for each dye was interpreted by measuring absorbance at its maximum wavelength. The optimized experiments were reiterated under solar light illumination in order to study the influence of excitation wavelength on the degradation process and also to probe the catalytic efficiency in the visible portion of the solar spectrum. The photocatalysis using solar light was performed between 11 a.m. and 2 p.m. during the summer season (May-June) in Bangalore, India. The solar intensity in this period was maximal. The latitude and longitude are 12.58N and 77.38E respectively. The average intensity of sunlight was found to be around 0.753 kW cm −2 using solar radiometer.
2.4. Calculation of process efficiency (˚) and electrical energy per order (E Eo ) to evaluate the performance of photocatalytic process (a) Process efficiency (˚): The '˚' is defined as the concentration of the pollutant degraded by the amount of energy in terms of intensity and exposure surface area per time;
C 0 is the initial concentration of the dye substrate and C is the concentration at time 't' and (C 0 − C) denotes the concentration of the dye degraded in ppm, 'I' is the irradiation intensity 125 W, 'S' denotes the solution irradiated plane surface area 176 cm 2 and 't' represents the irradiation time in minutes. It is measured in terms of ppm per Einstein.
(b) Electrical energy per order (E Eo ): The degradation of aqueous organic pollutant in a light driven process represents a major fraction of operating costs. Simple figures of merit based on the electric energy consumption (as light energy) can therefore be very useful and informative [28, 29] . The appropriate figure of merit is the electrical energy per order (E Eo ) and is defined as the number of kWh of electrical energy required to reduce the concentration of pollutant by one order of magnitude 1 m 3 of contaminated water. E Eo can be calculated using following equation: where P is the power of the light source (kW), t is the irradiation time (min), V is the volume of the reaction solution (200 mL), C i and C f are the initial and final pollutant concentration. E Eo is expressed in terms of kWh/kg.
Results and discussion

Characterization of photocatalyst
The reflections in the PXRD patterns of undoped TiO 2 and Ln 3+ -TiO 2 were indexed only to anatase phase suggesting that the dopant Ln 3+ ion stabilized pristine anatase crystal structure over a range of dopant concentration ( Fig. 2A) . This indicates that the polycrystalline growth with different orientations is formed in the anatase crystal and the dopants have successfully incorporated into the host lattice. The diffraction angle of most intense crystal plane (1 0 1) of anatase shifted slightly toward lower angle ( Fig. 2B and Table 1 ). The substitution of Ln 3+ at the Ti 4+ lattice sites will have stabilizing effect on the Ti O bond because more electropositive Ln 3+ will donate its electron density to O 2− ion [30] . Thus the increased electron density will strengthen Ti O bond and inhibits the phase transformation from anatase to rutile as this polymorphic transition critically requires the cleavage of Ti O bonds. However in the case of Ln 3+ -TiO 2 , this rupture is rather difficult due to the increased bond strength rendered by Ln 3+ ions [30] . Furthermore, it is expected that the surrounding Ln 3+ ions will inhibit the phase transition through the formation of Ti O Ln bond. On the other hand, Ln 2 O 3 lattice locks the Ti O species at the interface with TiO 2 domains preventing the rutile nucleation [31] . The crystallite sizes of Ln 3+ -TiO 2 were smaller compared to undoped titania indicating that the inclusion of Ln 3+ at Ti 4+ lattice sites of TiO 2 significantly suppressed the grain growth of anatase phase by providing dissimilar boundaries. This reduction in crystallite size is due to the segregation of the dopant cations at the grain boundary, which inhibits the grain growth by restricting the direct contact of grains [32] . The doping of Ln 3+ improves the pore stability and also results in poor titania-titania connectivity necessary for the phase transformation to rutile. The crystallite size of anatase titania gradually decreased with increase in the Ln 3+ concentration (Table 1) . It is reported that in the case of metal oxides there is critical value of dispersion capacity, at values lower than which the oxide might become highly dispersed on the support without the formation of a separate crystalline phase. Since, no characteristic peak corresponding Ln 2 O 3 and lanthanide titanates were observed in the PXRD patterns, it can be concluded that the rare earth ion doping is below the dispersion capacity. 
Calculation of lattice parameters
The X-ray diffraction peaks of crystal planes (2 0 0) and (2 0 4) in anatase are selected to determine lattice parameters of doped samples using the equations [33] ; Bragg's law:
d h k l is the distance between crystal planes of (h k l), is the X-ray wavelength, is the diffraction angle of crystal plane (h k l), h k l is the crystal plane index and a, b, c are the lattice parameters [33] . For anatase with tetragonal structure, lattice parameters changes to a = b / = c and hence Eq. (5) modifies to:
The unit cell volume for the Ln 3+ -TiO 2 samples were found to be higher than that of undoped TiO 2 due to the higher ionic radius of the dopant Ln 3+ compared to the host Ti 4+ ion. The large ionic radii of Ln 3+ ion induce large degree of local structural polarization with significant lattice expansion for the Ln 3+ -TiO 2 compared to undoped TiO 2 . The lattice expansion increased with increase in the dopant concentration and also with respect to the ionic radius of the dopant ( Table 1 ). The unit cell volume of La 3+ -TiO 2 (or Ce 3+ -TiO 2 ) was higher than Gd 3+ -TiO 2 due to the higher ionic radius of the La 3+ (1.15Å) and Ce 3+ (1.11Å) compared to Gd 3+ (1.02Å) ion. Since the unit cell volume is almost similar for La 3+ -TiO 2 and Ce 3+ -TiO 2 , it was assumed that cerium exists in +3 oxidation state. The increase in unit cell volume is attributed to the increase in the ionic radii of Ti ions as electron density move toward the vacant 'd' orbital in the presence of dopants and also to the longer Ln O bond length compared to the Ti O bond in pure titania. The variation in the lattice parameters for Ln 3+ -TiO 2 compared to undoped TiO 2 were reflected in the elongation 'c' axis, with a (=b) remaining almost constant in the entire range of dopant concentration. Burns et al. reported that Nd 3+ dopant in the TiO 2 lattice act as substitutional or interstitial impurity by the changes observed in the variation along the c-axis. The authors suggested that Nd 3+ can act as substitutional impurity up to the dopant concentration of 0.1 mol%, for which maximum elongation in the c-axis was observed. For higher dopant concentration (>0.1 mol%), the elongation in c-axis remained almost constant suggesting the incorporation of excess Nd 3+ ions at the interstitial sites [34] . In the present case, elongation in c-axis was observed for all the doped samples over the entire range of dopant concentration (Fig. 2C ). Since only 'c' dimension is changing while 'a (=b)' remains almost constant for the range of dopant concentration, it can be concluded that Ln 3+ substitutes Ti 4+ preferentially on the bcc and fcc in the anatase structure. The variation in the lattice parameters, decrease of crystallite size and expansion in the unit cell volume for Ln 3+ -TiO 2 with respect to undoped TiO 2 confirms the possible incorporation of dopant at the lattice Ti 4+ sites of TiO 2 matrix.
The optical absorption studies indicated red shift in the band gap absorption to the longer wavelength due to the introduction of localized electronic 'f' states of Ln 3+ ions within the band gap states of TiO 2 that forms the lowest unoccupied molecular orbital [35, 36] . Thus the transition for the extrinsic absorption requires lower energy and Ln 3+ -TiO 2 showed red shift in the band gap absorption compared to undoped TiO 2 . The extent of red shift increased with increase in the dopant concentration, with Ce 3+ -TiO 2 showing large red shift in the band gap absorption compared to La 3+ -TiO 2 and Gd 3+ -TiO 2 samples (Fig. 3 and 2 is the molar absorption co-efficient and 2R∞ is the scattering co-efficient.
Photocatalytic degradation studies
Effect of catalyst loading on the dye degradation rate
The effect of catalyst dosage on the photocatalytic degradation of AR dye was studied by varying the amounts of catalyst from 100 to 400 mg/250 mL maintaining the other reaction parameters constant ( Fig. 4A and B) . Irrespective of the nature of the dyes and photocatalysts, the initial reaction rates were found to enhance linearly with increase in the catalyst dosage up to 250 mg/250 mL indicating the heterogeneous regime. This may probably be due to: (i) increase in the extent of dye adsorption molecules on the catalyst surface; (ii) increase in the number of surface active sites; (iii) enhanced generation of hydroxyl radicals due to increase in the concentration of charge carriers [37] . However, at higher catalyst loadings (400 mg/L), the reaction rate decreased which may be attributed to; (i) the deactivation of activated molecules by collision with ground state molecules; (ii) the agglomeration of the catalyst particles at higher loading which covers the part of photosensitive area retarding the photon absorption and also the dye adsorption; (iii) turbidity at higher catalyst loading results in the shadowing effect thus decreasing the penetration depth of light irradiation; (iv) high degree of scattering by the catalyst particles and increase in the opacity [38, 39] . Although, more surface area and more number of surface active sites will be available for the adsorption of dye molecules at higher catalyst loadings, the substrate molecules remain constant in the solution. Hence above a certain level, the additional catalyst amount does not get involved in catalytic activity and further increment in the reaction rate was not observed. The usage of optimum catalyst amount depends on many parameters like geometry of the reactor, nature and concentration of the dye, power of the excitation source and definite amount of TiO 2 . The optimization of the catalyst dosage is necessary in order to avoid excess catalyst and also to ensure total absorption of photons for efficient photomineralization.
Effect of initial dye concentration on the degradation rate
It is important from mechanistic and application point of view to study the dependence of substrate concentration on the photocatalytic degradation rate. The effect of initial AR dye concentration on the degradation rate was investigated in the concentration range 25-100 ppm maintaining the other reaction parameters constant (Fig. 5) . Beyond this concentration, degradation rate decreased for all the dyes. This may be due to: (i) higher dye concentration might serve as inner filter shunting the photons away from the catalyst surface; (ii) non availability of oxidative free radicals; (iii) more number of dye molecules get adsorbed on the catalyst surface thus blocking the surface active sites to participate in the degradation reaction [40] . Similar trend was observed for other dyes with catalyst were observed (data not shown). 
Existence of optimum dopant concentration within the TiO 2 matrix to show high activity
Ln 3+ -TiO 2 showed superior activity for the degradation of all the dyes compared to undoped TiO 2 indicating that the dopant induced defects were in the favor of photocatalytic reactions. The positive role of dopant in Ln 3+ -TiO 2 is attributed to: (i) introduction of mid band gap states by the dopants serving as effective charge carrier traps; (ii) altering the surface acid-base properties of the catalyst thus enhancing the extent of adsorption of the pollutant molecules on the catalyst surface. Irrespective of the nature of the dopant, the photocatalytic degradation for all the dyes increased with increase in dopant concentration up to 0.15 mol% and a drastic decrease was observed at higher dopant concentration (Fig. 6 ). This result suggests that there exist an optimum dopant concentration within the titania matrix for the efficient separation of charge carriers. Pleskov reported that the value of space charge region potential for the effective separation of photogenerated charge carriers must not be lower than 0.2 eV [41] . On the other hand, the thickness of space charge layer is influenced by the dopant concentration according to the following equation [41, 42] : Where 'W' is the thickness of space charge layer, ε and ε 0 are the static dielectric constants of the semiconductor and of the vacuum, V s is the surface potential, N d is the number of dopant atoms, and e is the electronic charge. Thus it is clearly shown that 'W' is inversely proportional to dopant concentration in the titania matrix. In addition, penetration depth 'l', of the light into the solid is given by l = 1/a, where'a' is the light absorption coefficient at a given wavelength. When the value of 'W' approximates that of 'l', all the photon absorbed generate electron-hole pair that are efficiently separated [42] . Consequently, it is understandable that the existence of optimum value of N d for which a space charge region exist whose potential is not less than 0.2 eV and the thickness is more or less equal to the light penetration depth. The space charge region becomes very narrow for higher dopant concentration (0.2 mol%) and the penetration depth of light into TiO 2 lattice greatly exceeds the thickness of the space charge layer facilitating charge carrier recombination [43] . The small crystallite size of Ln 3+ -TiO 2 at higher dopant concentration results in the generation of charge carriers sufficiently close to the surface which undergoes rapid surface recombination due to the abundant trapping sites and the lack of driving force to separate these charge carriers. Since Ln 3+ can serve as trapping sites for both electrons and holes, the possibility of trapping both the charge carriers will be high at higher dopant concentration and this trapped charge carriers may recombine through quantum tunneling [44] . Moreover, the trapped charge carriers may be deeply trapped more than once on its way to surface, reducing the mobility which recombines with its counterpart so that the overall dopant effects will be detrimental on photocatalytic efficiency [44] . The interaction of CB electron with dense internal surface states of the dopants may strongly influence the electron diffusion process, so that the diffusion of charge carriers is drastically reduced resulting in recombination. The charge carriers trapped in such internal surface states are commonly referred to as deep trap states, wherein the subsequent release of charge carriers becomes extremely difficult. The mobility of photoelectrons trapped in these deep surface states is much slower than that of electrons relaxed in shallow traps. At this stage, only a part of photoelectrons, including those released from shallow surface states migrates to the surface initiating dioxygen reduction [45] . Another pathway for recombination arises from the trapped minority carrier in deep surface states recombining with majority carrier resulting in a null reaction. Therefore for any photocatalyst to be photoactive, it should be associated with fewer surface and inner defects. Thus, it is understandable that the appearance of an optimal dopant concentration in the TiO 2 lattice is the balance of increased shallow trapping sites, leading to efficient trapping and fewer deep trapped carriers leading to longer lifetimes for interfacial charge transfer process. Therefore, there is a need for optimal dopant concentration in the TiO 2 matrix to get effective crystallite size for highest photocatalytic efficiency. Beyond the optimum dopant concentration, the rate of recombination dominates the reaction in accordance with the Eq. (8);
where K RR is the rate of recombination, R is the distance separating the electron and hole pair, a 0 is the hydrogenic radius of the wave function for the charge carrier [46] . As a consequence, the recombination rate increases exponentially with the dopant concentration, since the average distance between the trap sites decreases with increase in the dopant density confined within a particle. Among the Ln 3+ -TiO 2 samples, Gd 3+ -TiO 2 at optimum dopant concentration showed superior activity compared to Ce 3+ -TiO 2 and La 3+ -TiO 2 suggesting that the Ln 4f electronic configuration plays an important role in interfacial charge transfer process. Choi et al. systematically studied the effect of doping different metal ions into quantum sized-TiO 2 matrix for CHCl 3 oxidation and CCl 4 reduction [46] . The higher activity for Fe 3+ -TiO 2 compared to other metal ion doped samples was attributed to unique stable half filled electronic structure of Fe 3+ ion which was predicted to serve as shallow traps for the charge carriers. Xu et al. also reported the enhanced activity of Gd 3+ -TiO 2 for the decomposition of nitrate compared to other rare earth doped samples due to the stable half filled electronic configuration of Gd 3+ ion [47] . This argument supports the higher activity of Gd 3+ -TiO 2 compared to other photocatalysts for the degradation of all the dyes (Table S1 -supplementary material).
The dopant inside the TiO 2 matrix can serve as electron trap if its energy level is just below the CB or hole trap if its energy level is just above the VB. Gd 3+ has unique half filled valence electronic configuration of 4f 7 . When Gd 3+ ions traps electron/hole, there will be considerable loss of spin energy due to change in spin state from high spin (seven unpaired electrons) to low spin (six unpaired electrons) as shown in Fig. 7 . According to crystal field theory, both the spin states are highly unstable, the trapped charge carriers by the Gd 3+ ion in the titania matrix will be detrapped to the surface adsorbed species to restore its stable half filled electronic configuration [48] . If Gd 3+ traps electron, it get reduced to Gd 2+ . The trapped electron will be transferred to oxygen molecule promoting the superoxide radical formation;
If Gd 3+ is assumed to behave as hole trap, it get oxidized to Gd 4+ . The trapped holes may be transferred to hydroxyl anion adsorbed on the catalyst surface leading to the formation of hydroxyl radical or it can also be transferred to adsorbed dye molecule to form dye radical.
These processes not only accelerate interfacial charge transfer kinetics, but also enhance the generation of potential oxidative species like superoxide and hydroxyl radicals. Ln 3+ being strong Lewis acid, is apparently superior to oxygen molecule in trapping CB electrons [49] . On the other hand, the substitution of Ln 3+ at the lattice sites of Ti 4+ results in the formation of Ti 3+ for charge compensation (3Ti 4+ → 3Ln 3+ + Ti 3+ ) which can also form defect level and act as hole-traps promoting the charge transfer.
The formation of Ti 3+ states may cause more oxygen defects which facilitate the efficient adsorption of oxygen on titania surface. The formation of O 2 − resulting from the chemisorption of oxygen requires the presence of surface defect site whose concentration can be enhanced by Ln 3+ doping. The concentration of Ti 3+ centers increases with increase in the dopant density within the titania matrix and hence these defect level would serve as the recombination centers at very high Ti 3+ content. Furthermore, trapped electron (Gd 2+ ) and trapped hole (Gd 4+ ) at Gd 3+ site can also recombine with free hole and free electron respectively to decrease the activity of Gd 3+ -TiO 2 at higher dopant concentration.
Gd
Influence of pH on the adsorption and degradation of the dyes
The interpretation of pH effect can be principally explained by the modification of electrical double layer at the solid-electrolyte interface, which consequently affects the adsorption-desoprtion processes and the separation efficiency of charge carriers at the surface of semiconductor particles. pH is a complex parameter as it is related to several factors like: (i) charge on the catalyst surface; (ii) size of the particle aggregate formed; (iii) nature of the dye -cationic/anionic/neutral; (iv) magnitude of the substrate adsorption on catalyst surface, (v) band edge position of the semiconductor. The point of zero charge (pzc) of TiO 2 is widely reported to be 6.25. Thus, the surface charge density of TiO 2 will be positive below the pzc and negative above it [50] . In general, the adsorption of the pollutant molecule on the catalyst surface is the result of subtle balance of different effects including the polar/hydrophilic character of the molecule/substrate, solid surface charge and state. The hydroxylated titania can be protonated under acidic conditions and deprotanated under alkaline conditions:
Hence it can be concluded that the positively charged TiO 2 surface favors the adsorption of negatively charged molecules and vice versa. The interpretation of pH effects on the degradation process is rather complex as it includes several factors such as (i) electrostatic interaction between the catalyst surface and the dye molecules; (ii) reaction of superoxide and hydroxyl radicals formed on the catalyst surface with the dyes; (iii) concentration of hydroxyl radical generation.
Dye solution (250 mL of 25 ppm) along with 250 mg of the photocatalyst was stirred in dark for 30 min and the amount of dye adsorption on the catalyst surface was calculated by comparing the concentration before and after stirring. The percentage adsorption was calculated using the formula;
where C 0 and C represent the concentration of the dye molecules before and after stirring. The adsorption trend of the dyes on the catalyst surface at different pH conditions showed the following order irrespective of the nature of the catalysts; At pH 2.5 and 5.0: AR > FR > MO > MR > ARS > BY > CR. Ln 3+ -TiO 2 showed better adsorption capacity for all the dyes compared to undoped TiO 2 . For a given dye, the adsorptive capacity of the Ln 3+ -TiO 2 with respect to the dopant concentration followed the order: 0.2 > 0.15 > 0.1 > 0.05 > 0.00 mol% which is analogous trend with the surface area of the catalyst. It is well known that Ln 3+ ions are known for their ability to form complexes with various Lewis bases (e.g. amines, aldehydes, thiols, alcohols, etc.) via the interaction of these functional groups with vacant f-orbital of Ln 3+ ion. Thus incorporation of Ln 3+ at the Ti 4+ lattice sites of TiO 2 matrix provides a means to concentrate the organic pollutants at the semiconductor surface [15] [16] [17] [18] [19] [20] . The substitution of Ln 3+ results in a modification of energy distribution and strength of surface adsorption sites. The increment of surface acidity in Ln 3+ -TiO 2 is generally associated with heterometallic bonding Ti O Ln formation. In this case, the formation of Ti O Ln bond is accompanied by the generation of lattice and surface defects which can act as strong acid sites. Sibu et al. suggested that surface adsorption reactive acidic sites increases with increases in La 3+ content in the TiO 2 matrix [30] . Hence the surface acidity and the larger surface area of Ln 3+ -TiO 2 compared to pure TiO 2 results in higher amount of dye adsorption. It is also reported that the Ln 3+ -TiO 2 provides more adsorption sites and also induce surface states which enables the dye molecule to adsorb more efficiently [30] . The rate constant calculated for the degradation of dyes using La 3+ -TiO 2 catalysts at different pH conditions are shown in Fig. 8 . Evidently, adsorption of various dyes through their functional groups on the catalyst surface found to have a positive correlation on the degradation rate. The properties of the pollutants like functional groups (reactive groups), substituent attached, localized electronic density, possibility of binding to surface atoms to make covalent bonds plays a vital role in driving the adsorption phenomenon. Because the recombination of photogenerated electron and hole is so rapid, interfacial electron transfer is a kinetically competitive process only when the donor or acceptor is preadsorbed on the catalyst surface. The degradation of mono azo dyes was faster compared to di azo dyes under acidic pH. Among the mono azo dyes, AR showed higher rate constant for degradation compared to MO, MR, and FR which is directly related to the nature of the substituent group attached on the dye molecule. Under acidic pH, the catalyst surface will be positively charged and contains more surface acidic sites. The Lewis base property of anionic dyes renders the molecule to get adsorbed more easily on the catalyst surface. The presence of more number of negatively charged acidic sulfonate group on AR drives the molecule to adsorb strongly on catalyst surface and hence undergoes faster degradation. Due to the favorable dimension and spatial geometry, sulfonate group co-ordinates to the surface Ti(IV) centers through sulphonilic oxygen accompanied by the substitution of surface coordinated OH moieties of Ti OH [51, 52] . Because of the strong overlap between 3d orbitals of the Ti (IV) atoms and 2p orbitals of oxygen, the formation of Ti O bonds would have strong covalent character ( Fig. 9A and B) . The rate constant calculated for the degradation of AR is higher than FR despite the fact that both sulfonate and hydroxyl groups were also present on FR. AR can anchor on the titania surface via two ways: (i) the two sulfonate ring attached on the naphthalene moiety can make a covalent bond with surface Ti 4+ and dopant Ln 3+ ions (or with two surface Ti 4+ ions as shown arbitrarily in the Fig. 9 ); (ii) sulfonate and hydroxyl groups attached on the neighboring carbon can also anchor either on Ln 3+ or Ti 4+ ions rendering the stronger adsorption and complex formation of both the functional groups due to the favorable stereo configuration of AR compared to other dyes. While in the case of FR, orientation of dye molecule can be such that only one group either sulfonate or hydroxy can be adsorbed on the catalyst surface. Due to the strong tendency of sulfonate to co-ordinate with Ti(IV) compared to OH group, it is reasonable to speculate that only sulfonate group of FR co-ordinates to the catalyst surface. The rate constant calculated for the degradation of MO is higher compared to MR due to the fact that sulfonate group being more acidic compared to carboxyl group of MR and hence MO shows stronger adsorption and faster degradation rate compared to MR. Among the diazo dyes, the rate constant calculated for the degradation of BY is higher than the CR dye despite the fact that CR is stronger Lewis base compared to BY. The stearic hindrance arising from the presence of fused aromatic rings of naphthalene and biphenyl moiety resists the adsorption of CR dye on the catalyst surface [53] . In the case of BY, the stearic hindrance from the four bulky aromatic rings is less compared to CR and hence undergoes faster degradation. The di azo dyes showed low rate constant for degradation compared to mono azo dyes probably due to the inertness of two azo bonds for the free radicals attack and low degree of adsorption on the catalyst surface. All the anionic dyes showed lower rate constant at pH 1. took place under these conditions. The stronger adsorption of dyes might serve as inner filter shunting the photons away from the catalyst surface thereby preventing the excitation of semiconductor itself and reduce the concentration of charge carriers in the solution. At pH 8.0, the catalyst surface will be negatively charged and hence all the anionic dyes experience electrostatic repulsion resulting in negligible adsorption leading to lowest rate constant (Fig. 8 ).
Photocatalytic degradation mechanism of dyes under UV/Solar light using Ln 3+ -TiO 2
The order of the degradation for various dyes was well correlated with their adsorptive tendency on the catalyst surface. Since the photolysis of the dyes was negligible irrespective of the excitation source, it can be concluded that degradation was due to the combined effects of light source and the catalyst surface. Two distinct mechanisms is proposed under UV/solar light illumination taking into account that the VB edge of the titania will be more positive than the VB edge of dyes and CB edge of dyes will be more negative compared to CB edge of TiO 2 [54] . Under UV light illumination, the electrons are excited from the VB to the CB of TiO 2 leaving behind positively charged hole. The excited electron will be trapped by Ln 3+ /Ln 2+ site and subsequent electron transfer to adsorbed O 2 generates superoxide radicals. Ln 3+ being strong Lewis acid due to the presence of partially filled f-orbital effectively traps CB electron at a faster rate compared to O 2 . The VB hole can thus move uphill and oxidize the adsorbed dye leading to complete mineralization (Fig. 10) . Photosensitization of the dyes under solar light resulted in ∼6-12% degradation of the dyes confirming that the degradation of the dyes through sensitization mechanism was of minor pathway. Under visible light, multiple transitions take place; (i) from occupied states (Ln O Ln) to unoccupied states (Ln O Ti); (ii) from Ln O Ln to CB; (iii) from VB to Ln O Ti. Therefore, the quantity of photoinduced charge carriers was much higher than that of pure titania under solar light (Fig. 10) . Thus we speculate that the multichannel routes for electron transfer extended the life time for the charge carrier separation under solar light obviously resulting in the higher rate constants compared to UV light (Table  S1) . However, such electron transfer process also depends on the intensity of the excitation source. It should be noted that the redox reactions occur from both the intrinsic as well as extrinsic photo absorption and it is rather difficult to ascertain the contribution from each of them. These results suggest that the dopant induced electronic states serve only as charge carrier trap under UV light, while it also serves as sensitizer to absorb photons under solar light [55] . The expansion in the crystal matrix creates oxygen vacancies generating shallow energy states at the bottom of the CB which can also serve as reactive electron trapping site. The oxygen vacancies induced by Ln 3+ in TiO 2 matrix for the charge compensation can be represented by Kroeger-Vink notation:
Oxygen vacancy refers to the defect states, which are mainly associated with 3d character. This vacancy introduces two localized Ti 3+ states ∼1 eV below the CB edge at concentration of 15% (1 0 1) surface of anatase TiO 2 [56] . When the reaction are carried out in O 2 atmosphere, O 2 adsorbs in these vacancy sites as O 2
•− , at a ratio of up to three molecules per oxygen vacancy [56] . These vacancies act as effective trapping sites, after the CB electrons relax in these positions. Moreover, the trapped electron reacts more rapidly with O 2 compared to free electrons forming superoxide radicals leading to higher photocatalytic activity. These oxygen vacancies promote the adsorption of O 2 and there exists a strong interaction between the photoinduced electrons bound by oxygen vacancies and adsorbed O 2 . This indicated that the binding for photoinduced electrons of oxygen vacancies can capture photoinduced electrons of adsorbed O 2 , and O 2 free group was produced at the same time [57, 58] . Thus, oxygen vacancies and defects were in favor of photocatalytic reactions and O 2 was active to promote the oxidation of organic dyes.
Thus the separation of the charge carriers is attributed to such trapping by dopant induced electronic states, defects and high density of oxygen vacancies. Subsequently, the charge carriers migrates to the surface of photocatalyst and participates in the redox reactions enhancing the photocatalytic activity La 3+ -TiO 2 compared to pure titania.
Conclusion
The photocatalytic activity of rare earth ion (La 3+ , Ce 3+ and Gd 3+ ion) doped titania were probed in the degradation of structurally different anionic dyes under UV/solar light. The degradation was found to be strongly dependent adsorption of the dyes on the catalyst surface as well as on the pH of the reaction medium. All the anionic dyes underwent rapid degradation at acidic pH due to electrostatic force of attraction between positively charged catalyst surface and negatively charge dye molecules. Gd 3+ -TiO 2 showed superior activity for the degradation of all the dyes compared to other photocatalysts, attributed to unique half filled electronic configuration of Gd 3+ which served as shallow traps for the charge carriers thus enhancing charge separation. The enhanced surface acidity and induced oxygen vacancies of doped catalysts additionally contributed to overall efficiency. This study highlights that preadsorption of pollutant on the catalyst surface is vital to achieve higher efficiency in titania mediated heterogeneous photocatalysis.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/10.1016/ j.apsusc.2012.07.121.
